Introduction
============

Although progress has been made with the introduction of new therapeutic agents in the treatment of CLL, the disease remains mostly incurable, highlighting the need for new therapeutic targets and substances.

NF-κB is a key factor contributing to CLL pathology and has thus been suggested as a treatment target.^[@b1-1030136]--[@b4-1030136]^ The five subunits of NF-κB (RELA, RELB, NFκB1, NFκB2 and c-REL) reside in the cytoplasm. Once activated, they translocate into the nucleus and bind to promotor regions on the DNA, modifying gene expression.^[@b5-1030136],[@b6-1030136]^ Indeed, NF-κB is constitutively activated in CLL cells and up-regulates anti-apoptotic genes (e.g., *TRAF1, BCL2, BCL2L1, IAPs*), increasing apoptosis resistance, a major feature of CLL cells.^[@b7-1030136],[@b8-1030136]^ NF-κB signaling is also involved in increased resistance to anti-cancer therapies^[@b9-1030136]^ and mediates signals from crucial pathways in the crosstalk between CLL cells and their protective microenvironment, such as the B-cell receptor (BCR) pathway, the BAFF/BAFF-receptor axis, or the CD40L/CD40 axis.^[@b7-1030136],[@b10-1030136]--[@b12-1030136]^ Different mouse models also highlight the major role of NF-κB in CLL biology.^[@b1-1030136]^ Finally, high RELA DNA-binding is associated with advanced Binet stage, shorter time to first or subsequent treatment, and overall survival.^[@b13-1030136]^

Several inhibitors of NF-κB have been successfully tested on CLL cells *in vitro*. Amongst others (e.g., parthenolide, curcumin, IMD-0354, BAY11-7082),^[@b12-1030136],[@b14-1030136]--[@b18-1030136]^ the specific NF-κB inhibitor DHMEQ efficiently induced apoptosis in CLL cells *in vitro*.^[@b19-1030136]^ However, the efficacy of NF-κB inhibitors has never been tested on CLL cells cultured in the presence of their protective microenvironment, crucial for CLL cell survival. This prompted us to assess the ability of NF-κB inhibition to induce apoptosis in CLL cells co-cultured with supportive bone marrow stromal cells (BMSCs) using DHMEQ. The latter was chosen for its unique mode of action: it covalently binds to cysteine residues of NF-κB subunits, thereby inhibiting the interaction of NF-κB with its DNA-binding site.^[@b20-1030136]^ In addition, DHMEQ has also been shown to inhibit NF-κB translocation into the nucleus, making it a highly potent NF-κB inhibitor.^[@b21-1030136]^

Herein, we provide evidence that although NF-κB inhibition is highly effective at inducing apoptosis of monocultured CLL cells, NF-κB inhibition alone is not sufficient to induce apoptosis of CLL cells cultured with supportive BMSCs. Furthermore, our results suggest that in CLL treatment, NF-κB inhibitors should not be used as single agents, but rather in combination with substances that disrupt the crosstalk between CLL cells and their microenvironment.

Methods
=======

Patients
--------

This study was approved by the Institutional Review Board of the University Medical Center Freiburg. Blood samples were obtained from untreated CLL patients (off therapy for at least 6 months), following written informed consent.

Cell preparation and culture
----------------------------

Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient centrifugation (Ficoll-Histopaque, PAA Laboratories GmbH). In PBMC samples containing fewer than 90% CD5/CD19 positive cells as measured by flow cytometry (CD5-APC, BD Pharmingen; CD19-PE-Texas Red, Southern Biotech), purification by negative selection (B cell isolation kit II, Milteny Biotec) was performed. Freshly isolated and thawed CLL cells were used explaining slight variability in the viability of untreated controls between experiments. CLL cells were treated and cultured alone or with BMSCs. BMSCs M2-10B4 (mouse) and HS-5 (human) were used, both obtained from the American Type Culture Collection (ATCC). Culture medium and treatment were replenished every other day. Reagents are listed in the *Online Supplementary Materials.*

BMSCs were plated (2,5 × 10^5^ cells/mL) and CLL cells (5 × 10^6^ cells/mL) were added the following day on confluent BMSC layers. After treatment, CLL cells were harvested by careful pipetting to rinse floating CLL cells off adherent BMSCs, taking care not to damage the BMSC layer. To distinguish between the effects of direct BMSC-CLL contact *versus* soluble factors-induced effects, Corning^®^ HTS Transwell^®^ plates were used.

Quantification of viable and apoptotic cells
--------------------------------------------

Viability was measured by flow cytometry (CyAn ADP, Beckmann) after staining CLL cells with fluorescein isothiocyanate (FITC) Annexin V Apoptosis Detection kit I (BD Biosciences). Annexin V (ANX5)/propidium iodide (PI) double-negative cells were regarded as live cells, ANX5 positive/PI negative cells as early apoptotic cells, and ANX5/PI double-positive cells as late apoptotic/necrotic cells. Results were analyzed with FlowJo software (FlowJo, LLC).

NF-κB DNA-binding activity
--------------------------

NF-κB DNA-binding activity was measured from whole cell lysates using the TransAM^®^ NF-κB Family Kit (Active Motif), according to the manufacturer's instructions.

Immunoblotting
--------------

Total cell protein was extracted from CLL cells and subjected to western blotting as described previously.^[@b22-1030136]^ Subcellular fractionation to obtain cytosolic and nuclear protein fractions for western blotting is described in the *Online Supplementary Materials*. Blots were incubated with primary and secondary antibodies overnight at 4°C or for 1h at room temperature. Antibodies used are listed in the *Online Supplementary Materials*. Densitometric analysis was performed using LabImage 1D (Kapelan Bio-Imaging). Whole cell protein expression was normalized to β-Actin and nuclear protein expression to Histone 3.

Transfection
------------

Freshly isolated CLL cells were transfected with 2μM RELA or non-targeting siRNA (GE Healthcare Dharmacon) using an Amaxa Human B cell Nucleofector Kit and nucleofector program U013 (Nucleofector 2b Device) following the manufacturer's instructions (Amaxa).

Statistical Analysis
--------------------

Analysis of synergistic drug effects was performed with CompuSyn (ComboSyn, Inc.). GraphPad Prism software was used for statistical analysis (version 6.0, GraphPad Software, Inc.). Data are represented as mean ± standard error of the mean (SEM). For comparisons between two parameters, a 2-tailed, paired Student's t-test was applied; for more than two parameters, one-way ANOVA with correction for multiple comparisons with Turkey's test was used. *P*\<0.05 was considered statistically significant.

Results
=======

DHMEQ induces apoptosis of primary CLL cells in monoculture but not in co-culture with bone marrow stromal cells
----------------------------------------------------------------------------------------------------------------

CLL cells cultured alone or in co-culture with protective BMSCs (HS-5 and M2-10B4) were treated with 2 or 5μg/ml of the NF-κB inhibitor DHMEQ *in vitro* for up to 144h ([Figure 1](#f1-1030136){ref-type="fig"} and [Figure 2](#f2-1030136){ref-type="fig"}).

![DHMEQ reduces viability of CLL cells in monoculture but not in co-culture with stromal cells. Cell viability as measured by flow cytometry with ANX5/PI staining of CLL cells cultured *in vitro* (A) alone or in co-culture with M2-10B4 cells after 2, 4, and 6 days of treatment with 2μg/ml of DHMEQ, (B) alone or in co-culture with HS-5 cells after 2 days of treatment with 2μg/ml or (C) 5μg/ml of DHMEQ. (D) Cell populations as measured by flow cytometry after ANX5/PI staining of *in vitro* monocultured CLL cells with or without 5μg/ml of DHMEQ. Fold changes of CLL cell viability are indicated above the signs for significance. \*\*\*\**P*\<0.0001, \*\*\**P*\<0.001, \*\**P*\<0.01 and \**P*\<0.05. CLL: chronic lymphocytic leukemia; DHMEQ: dehydroxymethylepoxyquinomicin; ns: not significant.](103136.fig1){#f1-1030136}

![DHMEQ treatment activates the intrinsic apoptotic pathway. Densitometrically analyzed protein expression normalized to β-Actin of CLL cells cultured *in vitro* (A) alone or in co-culture with M2-10B4 cells after 2 days of treatment with 2μg/ml of DHMEQ, (B) alone after 0.5, 1, 2, 4, 8 and 24 hours of treatment with 2 μg/ml of DHMEQ and (C) alone or in co-culture with M2-10B4 cells after 6 days of treatment with 2μg/ml of DHMEQ shown with exemplary western blot. \*\*\*\**P*\<0.0001, \*\*\**P*\<0.001, \*\**P*\<0.01 and \**P*\<0.05. D: DHMEQ (dehydroxymethylepoxyquinomicin); D2: day 2; D6: day 6; SD: stroma + DHMEQ; SV: stroma + vehicle control; v: vehicle control; CLL: chronic lymphocytic leukemia; ns: not significant; ACTB: β-Actin.](103136.fig2){#f2-1030136}

DHMEQ induced apoptosis of monocultured CLL cells in a dose- and time-dependent manner ([Figure 1A--C](#f1-1030136){ref-type="fig"}). Also, in monocultured DHMEQ-treated CLL cells, the major cell population evolved from being ANX5 single-positive after 24h, to being ANX5/PI double-positive after 48h, suggesting apoptosis induction rather than direct toxicity ([Figure 1D](#f1-1030136){ref-type="fig"}).

Surprisingly, the viability of DHMEQ-treated CLL cells co-cultured with BMSCs remained unchanged, irrespective of DHMEQ dosage (2 or 5μg/ml for 48h) or treatment time. DHMEQ-induced apoptosis was suppressed by both BMSCs tested (HS-5, M2-10B4) ([Figure 1A--C](#f1-1030136){ref-type="fig"}).

Of note, CLL cell viability of untreated controls after 4 and 6 days was higher than on day 2 ([Figure 1A](#f1-1030136){ref-type="fig"}). We reasoned that the process of thawing led to apoptosis and the death of some CLL cells, which is supported by western blot analysis of PARP/cleaved PARP expression on day 0 (*data not shown*), leading to a comparably low viability on day 2. After cell components were processed and degraded, the percentage of live cells increased on day 4 in vehicle-treated cohorts (monoculture and co-culture).

Reduced viability in monocultured CLL cells is accompanied by activation of the intrinsic apoptotic pathway
-----------------------------------------------------------------------------------------------------------

We next analyzed whether the reduction of CLL cell viability relies on activation of the intrinsic apoptotic pathway by downregulation of the NF-κB target genes *TRAF1, BCL2L1 (*also known as *BCL-xL*), and *MCL1*, and increased PARP cleavage. *TRAF1* is a recognized NF-κB target gene,^[@b23-1030136],[@b24-1030136]^ *BCL2L1* and *MCL1* represent two anti-apoptotic BCL2 family members known to be regulated by NF-κB. PARP cleavage is frequently used as a surrogate marker for caspase-3 activation.

Monocultured CLL cells treated with DHMEQ (2μg/ml) for 48h showed a significant downregulation of *TRAF1* expression (*P*=0.0194) accompanied by a notable increase of PARP cleavage (*P*=0.067) compared to untreated controls, while *BCL2L1* and *MCL1* remained unaffected ([Figure 2A](#f2-1030136){ref-type="fig"}). Interestingly, *TRAF1* downregulation occurred before the increase in PARP cleavage ([Figure 2B](#f2-1030136){ref-type="fig"}). In contrast, in CLL cells co-cultured with M2-10B4 cells, DHMEQ treatment for 2 or 6 days did not induce changes in PARP cleavage. In fact, PARP cleavage was almost undetectable in CLL cells co-cultured with BMSCs ([Figure 2A,C](#f2-1030136){ref-type="fig"}). Under co-culture conditions, no significant downregulation of *BCL2L1* and *MCL1* was detected upon treatment. Only *TRAF1* expression tended to decrease ([Figure 2A](#f2-1030136){ref-type="fig"}). Notably, *BCL2L1* expression was increased in co-cultured CLL cells. Similar results were observed after 6 days of treatment with 2 μg/ml of DHMEQ. Although significant *TRAF1* downregulation was seen in both monocultured and co-cultured CLL cells, PARP cleavage was only induced in monocultured cells. Additional analysis of BAX, a proapoptotic protein, showed increased expression in monocultured CLL cells after DHMEQ treatment, but no change in the co-culture setting ([Figure 2C](#f2-1030136){ref-type="fig"}).

DNA-binding activity of all five NF-κB subunits is strongly suppressed by DHMEQ treatment in monocultured CLL cells and also in those cells co-cultured with supportive stromal cells
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

We next tested whether DHMEQ inhibited NF-κB activity in the various conditions by using the TransAM^®^ NFκB Family Kit (Active Motif), a DNA-binding enzyme-linked immunosorbent assay (ELISA) which enabled us to test the DNA-binding activity of each NF-κB subunit. Additionally, western blot analyses of the expression of the different NF-κB subunits in nuclear and cytosolic extracts were performed ([Figure 3](#f3-1030136){ref-type="fig"}).

![NF-κB DNA-binding activity, nuclear and cytosolic expression are significantly reduced by DHMEQ treatment in both monocultured and co-cultured CLL cells. (A) DNA-binding activity of the different NF-κB subunits in monocultured or M2-10B4 co-cultured CLL cells treated with 5μg/ml of DHMEQ or vehicle control for 8h. (B) Western blot analysis of cytosolic and nuclear NF-κB expression in monocultured or M2-10B4 co-cultured CLL cells after 2 days of treatment with 2μg/ml of DHMEQ. (C) Densitometrically analyzed NF-κB expression normalized to β-Actin of CLL cells cultured in co-culture with M2-10B4 cells after 6 days of treatment with 2μg/ml of DHMEQ shown with exemplary western blot. Since the viability of the DHMEQ-treated CLL cells under monoculture conditions was very poor, densitometric analysis was not possible in this set of experiments. \*\*\*\**P*\<0.0001, \*\*\**P*\<0.001, \*\**P*\<0.01 and \**P*\<0.05. ACTB: β-Actin; C: cytosolic; D6: day 6; N: nuclear; SD: stroma + DHMEQ; SV: stroma + vehicle control; P1: patient 1; P2: patient 2; CLL: chronic lymphocytic leukemia; ns: not significant.](103136.fig3){#f3-1030136}

DNA-binding activity of all five NF-κB subunits was significantly suppressed by DHMEQ treatment in monoculture in addition to CLL cells co-cultured with M2-10B4 cells ([Figure 3A](#f3-1030136){ref-type="fig"}). DHMEQ treatment reduced nuclear translocation of all NF-κB subunits in both the monoculture and the co-culture setting ([Figure 3B](#f3-1030136){ref-type="fig"}). Furthermore, western blot analyses of the expression of the different NF-κB subunits in whole cell lysates showed significant reduction after 6 days of treatment with 2μg/ml DHMEQ in co-culture with stromal cells ([Figure 3C](#f3-1030136){ref-type="fig"}). Taken together, these results validate the efficiency of NF-κB inhibition by DHMEQ in both monoculture and co-culture.

siRNA-mediated knockdown of the NF-κB subunit RELA does not induce apoptosis of CLL cells in co-culture with stromal cells but appears to do so in monocultured CLL cells
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To confirm the finding that NF-κB inhibition is not sufficient to induce apoptosis of CLL cells co-cultured with BMSCs, siRNA-mediated knockdowns of the NF-κB subunit *RELA* (also known as p65) were performed. From the different NF-κB subunits, *RELA* was chosen as the knockdown target as it has been shown that the high binding activity of *RELA* to its DNA-binding site is predictive of a short time to first treatment, time to subsequent treatment, and overall survival from the date of diagnosis.^[@b13-1030136]^ The knockdown efficiency in the analyzed samples was assessed by western blot, and the effect of *RELA* knockdown on viability of CLL cells in monoculture and co-culture with M2-10B4 cells was assessed by flow cytometric apoptosis measurements ([Figure 4](#f4-1030136){ref-type="fig"}). In the western blot analysis, the average expression of *RELA* in *RELA*-transfected CLL cells in the monoculture setting was 79.2% as compared to 90.9% in the non-targeting transfected controls, and as such did not reach significance. In contrast, in the co-culture setting *RELA* expression in CLL cells was reduced to 38% in *RELA*-transfected cells compared to 73.2% in cells transfected with non-targeting siRNA ([Figure 4A,B](#f4-1030136){ref-type="fig"}). However, when analyzing the apoptosis measurements, the relative reduction of *RELA* by about 50% had no visible effect on the viability of CLL cells co-cultured with M2-10B4 cells, whereas the less efficient knockdown in monocultured CLL cells had a marked tendency to induce apoptosis of these cells as compared to respective controls. This is in accordance with our previous data suggesting that NF-κB inhibition is not sufficient to induce apoptosis in CLL cells in the presence of supportive BMSCs.

![siRNA-mediated RELA downregulation seems to induce apoptosis in monocultured but not in co-cultured CLL cells. (A) Exemplary western blots of RELA in monocultured and M2-10B4 co-cultured CLL cells after transfection with non-targeting siRNA or RELA siRNA. (B) Densitometric western blot analysis illustrating the knockdown efficiency obtained in monocultured and co-cultured CLL cells 2 days after transfection. (C) CLL cell viability 3 days after transfection with non-targeting siRNA or RELA siRNA. \*\*\**P*\<0.001, \*\**P*\<0.01 and \**P*\<0.05. ACTB: β-Actin; D2: day 2; D3: day 3; n-t-siRNA: non-targeting small interfering ribonucleic acid; untr: untreated; CLL: chronic lymphocytic leukemia; ns: not significant.](103136.fig4){#f4-1030136}

Soluble factors and cell bound factors from the BMSCs are likely to protect CLL cells from apoptosis induction by NF-κB inhibition with DHMEQ
---------------------------------------------------------------------------------------------------------------------------------------------

This discovery led us to question which factors from the BMSCs were responsible for CLL cell protection from apoptosis induction by NF-κB inhibition.

First, we used Corning^®^ Transwell^®^ inserts offering minuscule pores impermeable for cells, but permeable for culture medium and soluble factors for co-culture experiments. Hence, half of the CLL cells were placed in the lower compartment, in direct contact with the M2-10B4 cells, while the other half was placed in the inserts so that they could only be influenced by the BSMCs *via* soluble factors ([Figure 5A](#f5-1030136){ref-type="fig"}). The viability of CLL cells from the lower compartments and from the inserts was measured separately *via* flow cytometry after ANX5/PI staining ([Figure 5B](#f5-1030136){ref-type="fig"}).

![Protection from DHMEQ-induced apoptosis involves direct cell-cell interaction as well as soluble factors such as BAFF. (A) Illustration of the transwell experiment. (B) Cell viability after DHMEQ treatment of CLL cells in monoculture and co-culture, depending on their localization in the transwell experiment. (C) CLL cell viability with or without DHMEQ in monoculture or in the presence of APRIL, BAFF, CXCL12, CD40L, all ligands, or M2-10B4 cells. (D) Viability of CLL cells cultured alone, with BAFF, or with M2-10B4 cells, and treated with or without DHMEQ. (E) Additional t-test analysis of monocultured CLL cells *versus* BAFF-supported CLL cells, both treated with DHMEQ. \*\*\*\**P*\<0.0001, \*\*\**P*\<0.001 and \**P*\<0.05. CLL: chronic lymphocytic leukemia; DHMEQ: dehydroxymethylepoxyquinomicin; BAFF: B-cell activating factor; APRIL: a proliferation-inducing ligand; CXCL12: C-X-C motif chemokine 12.](103136.fig5){#f5-1030136}

As before, the monocultured CLL cells were very sensitive to DHMEQ treatment and exhibited a strong decrease in viability, while the co-cultured CLL cells in the lower compartment with direct cell-cell contact showed virtually no apoptosis after DHMEQ treatment. In contrast, the co-cultured CLL cells in the inserts (with contact between stromal and CLL cells through soluble ligands only) showed an intermediary sensitivity to DHMEQ treatment, as their viability was significantly decreased by DHMEQ treatment while staying significantly better than the viability of DHMEQ-treated CLL cells in monoculture ([Figure 5B](#f5-1030136){ref-type="fig"}). This indicates that the protection afforded by BMSCs from NF-κB-inhibition-induced apoptosis is partly mediated *via* soluble factors. However, direct contact or closer proximity of CLL cells appears to increase the protective effect of the stromal cells.

BAFF but not a proliferation-inducing ligand (APRIL), CD40L, or C-X-C motif chemokine 12 (CXCL12) can protect CLL cells from DHMEQ-induced apoptosis
----------------------------------------------------------------------------------------------------------------------------------------------------

To identify factors which might contribute to CLL cell protection from NF-κB-inhibition-induced apoptosis, we assessed the protective effect of four acknowledged factors involved in the crosstalk between the microenvironment and CLL cells. CLL cells were cultured alone for 144h with or without DHMEQ (2 μg/ml) and with or without one of the following: CD40L (1 μg/ml), CXCL12 (100ng/ml), BAFF (50ng/ml), and APRIL (500 μg/ml). Cell viability was measured by flow cytometry of ANX5/PI-stained CLL cells ([Figure 5C,D](#f5-1030136){ref-type="fig"}, *Online Supplementary Figure S1*). While APRIL did not protect CLL cells from DHMEQ-induced apoptosis, CD40L, CXCL12 and BAFF slightly reduced DHMEQ's proapoptotic effect. A combination of these four ligands did not result in better protection than with BAFF alone ([Figure 5C](#f5-1030136){ref-type="fig"}, *Online Supplementary Figure S1*). Indeed, the viability of BAFF- and DHMEQ-treated cells was 16% as compared to 1% for solely DHMEQ-treated cells and 48% for M2-10B4 co-cultured CLL cells ([Figure 5D](#f5-1030136){ref-type="fig"}). The decreased effectivity of DHMEQ treatment when CLL cells were stimulated with BAFF was significant when using a *t*-test ([Figure 5E](#f5-1030136){ref-type="fig"}). These results suggest that, amongst other factors, BAFF could be involved in protecting CLL cells from NF-κB-inhibition-induced apoptosis.

The combination of DHMEQ with fludarabine, idelalisib, R406, or ibrutinib partly restores the DHMEQ-sensitivity of stroma-supported CLL cells
---------------------------------------------------------------------------------------------------------------------------------------------

As mentioned before, NF-κB inhibition has been proposed as a promising strategy in CLL treatment. However, our results indicate that NF-κB inhibitors alone might not be as effective as previously assumed in the treatment of CLL patients. Therefore, we investigated whether DHMEQ could be effectively combined with established chemotherapeutic agents (fludarabine) or substances which have been shown to disrupt the crosstalk between the microenvironment and CLL cells (idelalisib, ibrutinib, R406). Indeed, apart from inhibiting the BCR pathway, ibrutinib, idelalisib, and R406 have been shown to disrupt at least a part of the interactions between CLL cells and their microenvironments.^[@b10-1030136],[@b11-1030136],[@b22-1030136]^ Therefore, cells in monoculture or co-culture with M2-10B4 cells were treated with or without DHMEQ and with or without ibrutinib, idelalisib, R406 or fludarabine.

In the monoculture setting, CLL cell viability was significantly decreased by every substance used alone, including DHMEQ. In addition, combining DHMEQ with ibrutinib, R406, idelalisib, and fludarabine, respectively, led to significantly reduced CLL cell viability. In the co-culture setting, as expected, DHMEQ monotherapy did not induce a significant reduction in CLL cell viability, while fludarabine, ibrutinib, R406, and idelalisib did. However, combining DHMEQ with ibrutinib or R406, but not with fludarabine, led to a significant reduction in the viability of CLL cells cultured with stromal cells, compared to CLL cells treated with the respective single agents ([Figure 6](#f6-1030136){ref-type="fig"}). There was no significant difference in the obtained effect when drugs were added concomitantly (DHMEQ + ibrutinib or DHMEQ + R406 added at the same time) *versus* sequentially (DHMEQ added 4 hours before ibrutinib or R406 and vice versa, *Online Supplementary Figure S2*).

![Combining DHMEQ with stroma crosstalk inhibiting substances partly restores DHMEQ sensitivity in stroma-supported CLL cells. Viability of CLL cells in monoculture or co-culture with M2-10B4 cells treated for 2 days with or without DHMEQ, with or without fludarabine, R406, idelalisib, or ibrutinib, or a combination of DHMEQ and one of these substances.\*\*\*\**P*\<0.0001, \*\*\**P*\<0.001, \*\**P*\<0.01 and \**P*\<0.05. D2: day 2; Ibru: ibrutinib; Idel: idelalisib; Flud: fludarabine; CLL: chronic lymphocytic leukemia; DHMEQ: dehydroxymethylepoxyquinomicin; ns: not significant.](103136.fig6){#f6-1030136}

To determine whether the combined effects of DHMEQ + ibrutinib and of DHMEQ + R406 on CLL cells cultured with stromal cells are synergistic, additive, or antagonistic, combination indices were calculated (see *Online Supplementary Methods*).

A combination index (CI) \<1, =1, and \>1 indicates synergism, additive effect and antagonism, respectively. The combination of DHMEQ and ibrutinib showed moderate synergism (0.79) at the median effective dose (ED50), and frank synergism at higher effective doses (CI\< 0.7 at ED75, 90 and 95, respectively) ([Figure 7A,C](#f7-1030136){ref-type="fig"}). The combination of DHMEQ and R406, diversely, showed nearly additive effects at ED50, moderate synergism at ED75 and ED90, and frank synergism at ED95 ([Figure 7A,C](#f7-1030136){ref-type="fig"}). Additionally, dose-reduction indices (DRIs) were calculated to investigate whether adding DHMEQ to R406 or ibrutinib treatment could lower the doses of R406 or ibrutinib needed to obtain a given effect, thus potentially decreasing side-effects. A DRI\>1 indicates favorable dose-reduction. [Figure 7B](#f7-1030136){ref-type="fig"} shows that at fractions affected (Fa) \> 0.1, a favorable dose-reduction of ibrutinib or R406 can be obtained by combining these drugs with DHMEQ.

![Combination Index studies reveal synergistic effect for the combination of DHMEQ and ibrutinib or R406 respectively on M2-10B4 co-cultured CLL cells. Combination index (CI) studies were performed by treating CLL cells co-cultured with M2-10B4 cells with DHMEQ (titrated from 8μg/ml), ibrutinib (titrated from 15μM) or R406 (titrated from 10μM) and combinations of R406+DHMEQ (at a ratio of 1.25:1) or ibrutinib + DHMEQ (at a ratio of 1.875:1) for 48h. Drug-induced cytotoxicities were calculated using the CLL cell viabilities to generate CIs. (A) CI plots for DHMEQ+ ibrutinib (D&I) and DHMEQ+R406 (D&R). CI-values \<1 indicate synergism, CI=1 indicates additive effects and CI-values \>1 indicate antagonism. (B) Dose-reduction indices (DRIs) were calculated along with the CI. A DRI\>1 indicates a favorable dose reduction, while a DRI\<1 indicates an unfavorable dose reduction. Above a fraction affected of 0.1, all DRIs are \>1, indicating that the doses of R406 or ibrutinib needed for a given effect level in single drug treatment can be reduced by adding DHMEQ. (C) The obtained CI values for the combination D&I and D&R at different effective doses (ED50, ED75, ED90, ED95) are given. Fa: fraction affected; DHMEQ: dehydroxymethylepoxyquinomicin.](103136.fig7){#f7-1030136}

Discussion
==========

Although previous studies using NF-κB inhibitors indicated that NF-κB could be a promising therapeutic target in CLL, our data suggest that the role of the protective CLL microenvironment might have been underestimated in these reports. In this study we used the specific NF-κB inhibitor DHMEQ, which has been shown to induce apoptosis in CLL cells but not in normal B-cells,^[@b19-1030136]^ and has been used *in vivo* in mice with promising therapeutic results and no serious side effects for the treatment of rheumatoid arthritis,^[@b25-1030136]^ systemic lupus erythematosus,^[@b26-1030136]^ and most interestingly in human T-cell leukemia^[@b27-1030136],[@b28-1030136]^ and multiple myeloma.^[@b29-1030136]^

In our study, we confirmed that DHMEQ is a potent NF-κB inhibitor blocking both nuclear translocation and DNA-binding of the NF-κB subunits, regardless of the presence of a protective microenvironment imitated by BMSCs. While NF-κB inhibition using DHMEQ led to a strong induction of the intrinsic apoptotic pathway by BAX upregulation, increased PARP cleavage, and a downregulation of *TRAF1* in CLL cells cultured without BMSCs, expression of the NF-κB target genes *BCL2L1* and *MCL1* remained unaffected. Albeit others have observed the downregulation of *BCL2L1* and/or MCL1 after NF-κB inhibition,^[@b17-1030136],[@b19-1030136]^ our results are in line with those of Pickering *et al*. who reported that NF-κB inhibition did not alter *BCL2L1, BCL2* and *MCL1* expression in CLL cells *in vitro*.^[@b16-1030136]^ In the co-culture setting, DHMEQ efficiently inhibited NF-κB activity and caused downregulation of the NF-κB subunits themselves, either by DHMEQ directly,^[@b30-1030136]^ or by breaking the self-renewing cycle of NF-κB expression.^[@b31-1030136]--[@b36-1030136]^ Surprisingly, neither CLL cell survival nor the expression of BAX or cleaved PARP was influenced by DHMEQ in the co-culture setting. In the NF-κB gene-silencing performed to support the findings from pharmacological NF-κB inhibition, a loss of importance of the RELA subunit was specifically seen for the survival of CLL cells co-cultured with BMSCs. It seems that in the presence of BMSCs, NF-κB is not essential for CLL cell survival while other pathways become more relevant, thus questioning the efficacy of NF-κB inhibitors as monotherapeutic agents in CLL.

As we observed an upregulation of the proapoptotic BCL2 family member BAX upon DHMEQ treatment in the monoculture setting only, and the anti-apoptotic protein BCL2L1 was upregulated in the CLL-BMSC co-culture setting, it is possible that BCL2 family members could be key players in the NF-κB-independent resistance to apoptosis seen in CLL cells co-cultured with BSMCs. Adding BCL2 inhibitors to DHMEQ treatment might diminish the microenvironment's protective effect and represent an attractive combination of targeted therapeutics. Fittingly, López-Guerra *et al*. reported strong synergism between BMS-345541 (a selective IKK inhibitor) and the pan-BCL2 inhibitor obatoclax.^[@b17-1030136]^ Combinations with the BCL2 inhibitors venetoclax, which received breakthrough therapy designation,^[@b37-1030136],[@b38-1030136]^ and navitoclax^[@b39-1030136]^ could also offer good prospects of success.

Furthermore, the study herein shows that both direct cell-cell interactions between CLL cells and BMSCs as well as soluble ligands secreted by the BSMCs are involved in mediating the protective effect against NF-κB inhibition. In particular, soluble BAFF, secreted *in vivo* by nurse-like cells (NLC)^[@b12-1030136]^ and BMSCs^[@b40-1030136]^ was identified. CLL cells themselves have been shown to express and secrete BAFF, implying an autocrine loop.^[@b41-1030136]^ BAFF binds to three receptors: BCMA (B-cell maturation antigen), TACI (transmembrane activator of the calcium modulator and cyclophylin ligand interactor), and BAFF-Receptor (BR3).^[@b12-1030136],[@b42-1030136]^ APRIL is known to bind to BCMA and TACI, but not to BR3.^[@b12-1030136],[@b43-1030136],[@b44-1030136]^ Since APRIL did not protect CLL cells from DHMEQ-induced apoptosis to the same extent as BAFF, a central role for the receptor BR3 can be hypothesized. A possible explanatory pathway is a recently described influence of gene expression through Histone H3 phosphorylation: the binding of BAFF to BR3 induces receptor translocation to the nucleus, where the receptor can bind IKKβ. The kinase then phosphorylates Histone H3, leading to the activation of a variety of transcription factors and cofactors.^[@b45-1030136]^ Since DHMEQ binds to the NF-κB subunits but not to the IKKs, a regulation of anti-apoptotic genes through BAFF may exist despite DHMEQ treatment.^[@b21-1030136]^ Interestingly, the BAFF inhibitor belimumab, which is currently only approved for the treatment of systemic lupus erythematosus, has recently been tested on CLL cells;^[@b46-1030136]^ Wild *et al*. report the neutralization of BAFF's CLL-protecting effect by belimumab, sensitizing CLL cells to lysis. Combining DHMEQ with belimumab could therefore be a promising approach.

Moreover, by disrupting the interactions between the microenvironment and CLL cells through the addition of ibrutinib (a BTK inhibitor) or R406 (a SYK inhibitor), DHMEQ's proapoptotic effect was partially restored, while the proapoptotic effects of the combined treatments were also significantly higher than those of the single drug treatments with ibrutinib or R406. Indeed, CIs for both the combination of DHMEQ + ibrutinib as well as DHMEQ + R406 indicate synergism. Dose-reduction indices for R406 and ibrutinib further imply that adding DHMEQ could lower the doses of R406 and ibrutinib needed for a given effect level, thus potentially reducing side effects. It is known that ibrutinib is able to overcome pro-survival signals derived from BCR stimulation, NLC-contact, and BAFF, among others.^[@b47-1030136],[@b48-1030136]^ Ibrutinib also releases tumor cells from the tissue compartment into the peripheral blood, a drug effect that can be seen only in *in vivo* experiments.^[@b49-1030136]^ Since ibrutinib inhibits BCR signaling, potentially bypassing the NF-κB pathway in the presence of the microenvironment, and further disrupts molecular crosstalk between CLL cells and their microenvironment by redistributing CLL cells into the peripheral blood, a combination of DHMEQ and ibrutinib could possibly show an even better synergistic effect *in vivo.* Furthermore, BTK influences CLL cell survival by activating the NF-κB pathway. Hence, inhibiting those pathways could not only restore DHMEQ's proapoptotic effect by disrupting interaction between CLL cells and their microenvironment, but also increase NF-κB inhibition. We and others previously identified SYK as a candidate for targeted therapy in CLL due to its enhanced expression and activity and the apoptotic effects of pharmacological SYK inhibition.^[@b22-1030136],[@b50-1030136]^ Entospletinib, a selective SYK inhibitor, demonstrated promising clinical activity in patients with relapsed or refractory CLL.^[@b51-1030136]^ Our results suggest that combining DHMEQ and entospletinib might also be a promising therapeutic strategy.

Our study has some limitations. First, our results are based solely on experiments using the NF-κB inhibitor DHMEQ. This is because DHMEQ is quite unique, as, unlike the plethora of other NF-κB inhibitors, its exact and selective mechanism of action is well documented,^[@b20-1030136]^ and it disrupts the final step of the NF-κB signaling pathway, ensuring that no cross regulation *via* other signaling pathways downstream of the targeted signaling step is possible. To our knowledge, no other NF-κB inhibitor meets these criteria. Second, the ibrutinib concentration used in the combination experiment was relatively high (10 μM), a concentration, however, which is not uncommon for *in vitro* experiments.^[@b47-1030136]^ *In vivo*, the maximum concentration which is obtained with a dose of 840mg ibrutinib daily does not exceed circa 0.48 μM (210ng/ml).^[@b52-1030136]^ However, it has been shown that, *in vivo*, the primary effect obtained with the aforementioned ibrutinib concentration is the blockage of cell proliferation, while apoptosis only occurs at higher doses.^[@b53-1030136]^ As our primary endpoint was CLL cell apoptosis, we deliberately chose this relatively high dose.

To conclude, considering that our results strongly indicate that NF-κB inhibition alone is not able to induce apoptosis in CLL with a supportive microenvironment, we suggest that DHMEQ should be tested in combination with R406, ibrutinib, the BAFF inhibitor belimumab, potentially, or BCL2 inhibitors in subsequent studies.
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